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E-mail address: ed.bayer@weizmann.ac.il (E.A. BayClostridium thermocellum cellulase 9I (Cel9I) is a non-cellulosomal tri-modular enzyme, consisting
of a family-9 glycoside hydrolase (GH9) catalytic module and two family-3 carbohydrate-binding
modules (CBM3c and CBM3b). The presence of CBM3c was previously shown to be essential for activ-
ity, however the mechanism by which it functions is unclear. We expressed the three recombinant
modules independently in Escherichia coli and examined their interactions. Non-denaturing gel
electrophoresis, isothermal titration calorimetry, and afﬁnity puriﬁcation of the GH9-CBM3c com-
plex revealed a speciﬁc non-covalent binding interaction between the GH9module and CBM3c. Their
physical association was shown to recover 60–70% of the intact Cel9I endoglucanase activity.
Structured summary:
MINT-6946626: Cel9I (uniprotkb:Q02934) and Cel9I (uniprotkb:Q02934) bind (MI:0407) by comigration
in non-denaturing gel electrophoresis (MI:0404)
MINT-6946649: Cel9I (uniprotkb:Q02934) and Cel9I (uniprotkb:Q02934) bind (MI:0407) by molecular
sieving (MI:0071)
MINT-6946687: Cel9I (uniprotkb: Q02934) and Cel9I (uniprotkb:Q02934) bind (MI:0407) by isothermal
titration calorimetry (MI:0065)
MINT-6946706: Cel9I (uniprotkb:Q02934) binds (MI:0407) to Cel9I (uniprotkb:Q02934) by pull down
(MI:0096)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Glycoside hydrolases (GH) are a widespread group of enzymes
which hydrolyze the glycosidic bond between adjacent carbohy-
drate residues. GHs are currently classiﬁed into 113 families on
the basis of sequence similarities [1], of which 13 are cellulases.
Cellulases and several other biomass-degrading enzymes usually
exhibit a multi-modular organization which denotes their wide
diversity: the catalytic module can be associated with one or more
helper modules which modulate the enzyme activity. The main
ancillary modules are the carbohydrate-binding modules (CBM)
[2–4]. CBMs themselves are also classiﬁed into 52 families [1].chemical Societies. Published by E
. thermocellum; GH9, catalytic
arbohydrate-binding module
arbohydrate-binding module
m dyad of the two CBM3’s;
er).Cellulase 9I (Cel9I) of Clostridium thermocellum is a tri-modu-
lar non-cellulosomal enzyme, consisting of a signal peptide fol-
lowed by a family-9 glycoside hydrolase (GH9) catalytic
module and two family-3 CBMs: one from subfamily-c (CBM3c)
and a second from subfamily-b (CBM3b) [5,6]. Previous work
has shown that Cel9I is a highly active processive endoglucanase
that cleaves cellulose internally like conventional endoglucanases
but can also progressively release soluble oligosaccharides before
detaching from the polysaccharide [7,8]. The enzyme was found
to hydrolyze crystalline cellulose substrates (Avicel and ﬁlter pa-
per) efﬁciently as well as phosphoric acid-swollen cellulose
(PASC) and carboxymethyl cellulose (CMC) [6]. The C-terminal
CBM3b of Cel9I is a ‘standard’ CBM that binds strongly to crystal-
line cellulose and functions to target the enzyme to its substrate.
CBM3c exhibits sequence homology to the other family-3 CBMs,
but it fails to bind to insoluble cellulose, due to alterations in the
binding face residues normally associated with the cellulose-
binding function [6].lsevier B.V. All rights reserved.
Table 1
Primers used in this study.
Construct His-tag Restriction enzymes Primer Mol. Wt.
GH9 (+His-tag) N-terminal NheI F-50GCTAGCGAAAATAAAAACGGCGGATATTTACCAG 54908
XhoI R-50CTCGAGTTATCCGCCATAAAGCTTGTACATTTTTG
CBM3c C-terminal NcoI F-50CCATGGGCAGTCCCGATCCCAAATTTAACGG 20358
XhoI R-50CTCGAGCGGTTCCCTTCCAAATACCAG
CBM3b C-terminal NcoI F-50CCATGGGCTCAGCATCGAAAAGCACGTC 23221
XhoI R-50CTCGAGAGGTTCTTTGCCGTAAACAAGCTTG
CBM3c-3b dyad C-terminal NcoI F-50CCATGGGCAGTCCCGATCCCAAATTTAACGG 41566
XhoI R-50CTCGAGTCAAGGTTCTTTGCCGTAAACAAGCTTG
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the catalytic module are deﬁned as ‘‘Theme B1” enzymes, and such
an arrangement is one out of at least ﬁve possible architectures for
enzymes with a GH9 catalytic module [4,9]. The contribution of
CBM3c to the enzyme activity is still unclear. Its removal was
shown to signiﬁcantly reduce the activity of family-9 catalytic
modules, but the results and conclusions obtained from different
enzymes have not been consistent. For example, the removal of
the CBM3c from C. cellulolyticum Cel9G abolished its catalytic
activity and cellulose-binding ability [10], while removal of CBM3c
from Thermobiﬁda fusca Cel9A affected mainly the degradation of
crystalline cellulose and enzyme processivity [11]. Moreover, some
native GH9 enzymes appear to be highly active towards cellulose
and other polysaccharides, despite the absence of a CBM3c [12,13].
In order to further understand the function of family-3 CBMs in
the modular family-9 enzymes, we have examined in this work
the interaction of the two Cel9I CBM3s with the GH9 catalytic mod-
ule and have demonstrated the effect of physical association on
enzymatic activity.
2. Materials and methods
2.1. Cloning of recombinant proteins
pET9d plasmids, pET9d-celI containing the gene for the full-
length Cel9I or pET9d-celI-t2 for the catalytic module alone (GH9
without a His-tag), were prepared previously [6]. DNA fragments
encoding the other constructs were ampliﬁed by PCR from C. ther-
mocellum YS genomic DNA using appropriate primers that allow
their insertion into the pET28a expression vector, as listed in Table
1. The integrity of the cloned genes was veriﬁed by sequencing,
after which they were transformed into Escherichia coli
BL21(DE3)RIL (Stratagene La Jolla, CA) cells.
2.2. Expression and puriﬁcation of recombinant proteins
Recombinant proteins fused with His-tag were expressed and
puriﬁed by nickel-iminodiacetic acid agarose (Ni-IDA) chromatog-
raphy as described earlier [14]. The eluate was subjected to gel ﬁl-
tration using a Superdex 75 pg column and an ÄKTA Prime system
(GE Healthcare, Piscataway, NJ) to further purify the desired pro-
tein. The non-His-tagged recombinant intact Cel9I was puriﬁed by
cellulose afﬁnity puriﬁcation using crystalline cellulose, modiﬁed
from the previously described procedure [15,16]. Plasmid pET9d-
celI provided proteins containing a CBM3b as an afﬁnity tag at their
C termini. The intact Cel9I protein was over-expressed, the host
cells were disrupted by sonication, and cell debris was removed
by centrifugation. The cell extract was incubated with Avicel pow-
der (SIGMA cellulose type50) for 1 h with gentle stirring at room
temperature. The Avicel pellet was recovered by centrifugation
and washed three times with 1 M sodium bicarbonate. The result-
ing Avicel pellet was resuspended in 1% (w/v) aqueous triethyl-
amine solution to elute intact Cel9I protein, and the Avicel
powder was removed by centrifugation. The eluate was neutralizedto pH 7.5 by 1 M Tris–NaCl buffer (pH 7). Protein purity was evalu-
ated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) (10%) and stained by Coomassie brilliant blue (CBB).
2.3. Afﬁnity chromatography puriﬁcation of the GH9-CBM3c complex
The soluble expressed His-tagged CBM3c was applied batch-
wise to Ni-IDA resin during 1-h incubation with gentle stirring at
4 oC. Non-speciﬁcally bound proteins were washed with a buffer
containing 50 mM NaH2PO4 pH 6, 300 mM NaCl, 10% glycerol
and 10 mM imidazole. Crude extract supernatant of expressed
GH9 module (without His-tag) was added to the CBM3c-bound
Ni-IDA resin, and the mixture was incubated overnight with gentle
stirring at 4 oC. The adsorbed protein complexes were eluted with
300 mM imidazole and subjected to further puriﬁcation by gel ﬁl-
tration as described above. Relevant fractions (the puriﬁed com-
plex) were analyzed by SDS–PAGE with CBB staining.
2.4. Enzyme activity assay
Reactions were performed at 60 C, in 50 mM citrate buffer (pH
6). The cellulolytic substrate was CMC. The amount of reducing
sugars released from the substrate was determined with the 3,5-
dinitrosalicylic acid (DNS) reagent as described by Miller et al. [17].
2.5. Non-denaturing polyacrylamide gel electrophoresis (PAGE)
Non-denaturing PAGE was carried out using a Mini-Protein II
cell (Bio Rad), based on the Laemmli system for electrophoresis,
but excluding SDS from all solutions. All protein samples were ap-
plied without boiling.
2.6. Microcalorimetric analysis of GH9-CBM3c complex formation
Isothermal titration calorimetry (ITC) experiments were carried
out using a VP-ITC MicroCalorimeter (MicroCal, LLC, Northampton,
MA, USA) at 25 C. A 380 lM solution of CBM3c was injected into a
65 lM solution of GH9. The reaction was performed in a buffer
containing 50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.05% sodium
azide. The heats of dilution of the titrants were subtracted from
the titration data, and the corrected data were analyzed using
the Origin ITC analysis software package supplied by MicroCal.
Thermal titration data were ﬁt to the one binding site model, and
enthalpy (DH), entropy (DS), association constant (Ka) and stoichi-
ometry of binding (N) were determined. Several titrations were
performed to evaluate reproducibility.
3. Results
3.1. Cloning, expression and puriﬁcation of C. thermocellum
Cel9I and its modules
In order to study the contribution of the ancillary CBM modules
of Cel9I, different derivatives were over-expressed in E. coli and
Fig. 2. (A) Gel ﬁltration analysis of CBM3c. Two peaks were detected in the
chromatogram, which matched the sizes of monomer and dimer of CBM3c. Vertical
lines indicate the positions of molecular mass markers (kDa): 67, bovine serum
albumin; 31, DNaseI; 15.8, RNase A. (B) SDS–PAGE analysis of fractions eluted from
the gel ﬁltration column. Protein samples from the detected peaks (fractions
number 34–49) were analyzed. (C) Electrophoretic mobility of CBM3c on non-
denaturing PAGE. A sample from each of the two peaks (a and b; fractions 36 and
44, respectively) was loaded onto the gel. Each sample resolved into two different
bands, indicating that the oligomerization of CBM3c is reversible. The major band in
each lane represents the main oligomerized form of the protein in the speciﬁc peak.
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and propensity to associate with each other. The following con-
structs were used in this work (Fig. 1A): (a) full-length Cel9I, (b)
two versions of the GH9 catalytic module (with and without His-
tag); (c) His-tagged CBM3c module together with its adjacent N-
terminal linker which connects it to the catalytic module, (d)
His-tagged CBM3b module alone together with the N-terminal lin-
ker, and (e) His-tagged CBM3c-CBM3b tandem dyad with both the
N-terminal and intervening linkers. The use of each of the GH9
constructs (with or without His-tag) will be clariﬁed in the follow-
ing sections. CBM3c, CBM3b and CBM3c–CBM3b dyad constructs
were designed to include a C-terminal His-tag, whereas the GH9
included an N-terminal His-tag. This arrangement enabled the
examination of the desired interactions between the catalytic
module and the CBM3s. Fig. 1B shows SDS–PAGE analysis of the
puriﬁed proteins.
3.2. Speciﬁc association of the GH9 module with CBM3c
Non-covalent association of the components was analyzed by
gel ﬁltration combined with SDS–PAGE, non-denaturing PAGE,
afﬁnity-enhanced puriﬁcation and by ITC, which also gave quanti-
tative estimates of association constants and binding stoichiome-
try. Finally, activity assays were employed to evaluate recovery
of cellulase activity. The His-tagged form of GH9 was used in all as-
says, unless stated otherwise.
Upon gel ﬁltration chromatography of CBM3c, two major peaks
were detected, which matched the sizes of monomer and dimer ofA
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Fig. 1. Recombinant proteins prepared for this study. (A) Schematic diagram of
Cel9I gene product (top) and the recombinant proteins (a–e). His-tagged constructs
are indicated by an attached black circle. SP, signal peptide; L, linker. (B) Puriﬁed
proteins. (a) full-length Cel9I (92.8 kDa); (b) GH9 (His-tagged, 54.9 kDa); (c) CBM3c
with linker (20.3 kDa); (d) CBM3c–3b tandem dyad (41.5 kDa); and (e) CBM3b with
linker (23.2 kDa).CBM3c (Fig. 2A). When fractions from the center of each peak were
analyzed by SDS–PAGE, it was observed that the two different
peaks consisted of the same protein. When the same fractions were
analyzed by non-denaturing PAGE, each sample resolved into two
different bands (Fig. 2B and C). We therefore concluded that CBM3c
can form oligomers, and that oligomerization is reversible. The
same phenomenon was observed for the CBM3c–CBM3b dyad
and GH9 module, but to a lesser extent (not shown). Non-denatur-
ing PAGE was then performed to examine whether CBM3c can
interact not only with itself, but also with the catalytic module of
the enzyme. The speciﬁcity of the interaction was also analyzed
by using the C-terminal CBM3b of Cel9I, which presumably fails
to bind to GH9. Mixtures of GH9 with CBM3c and CBM3b were
subjected to non-denaturing gel electrophoresis. In the case of
CBM3c, the catalytic module was mixed with increasing amounts
of the helper module in molar ratios ranging from 1:0.25 to 1:3.
The mobility pattern of each mixture was compared with that of
each component alone. Only mixtures of GH9 with CBM3c resulted
in formation of a complex (Fig. 3). In contrast, GH9 with CBM3b
was found not to form a new band in gel. These results indicate
speciﬁc interaction between CBM3c and the GH9 catalytic module.
The intensity of the new band, formed after mixing GH9 with
increasing amounts of CBM3c, rose until reaching a relatively con-
stant intensity at 1:1 ratio between the components, while the
intensity of the original bands of each of the components became
weaker.
3.3. Microcalorimetric analysis of GH9-CBM3c complex formation
Thermodynamic characterization of the association of GH9 with
CBM3c was obtained by performing isothermal titration calorime-
try (ITC) experiments, in which a solution of GH9 in the sample cell
was titrated with a solution of CBM3c in the injection syringe
(Fig. 4, top panel). Since self-oligomerization of these constructs
was known to occur, the time interval between each successive
injection was chosen in order to allow enough time for all of the
events (homodimer dissociation and complex formation) to reach
equilibrium. Control experiments for each of the components alone
were conducted and subtracted from the titration data. The analy-
sis showed (Fig. 4, bottom panel) that the one binding site model
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Fig. 3. Speciﬁc association of GH9 and CBM3c revealed by non-denaturing gel
electrophoresis. Mixtures of GH9 (His-tagged) with CBM3c (at the indicated molar
ratio relative to GH9) and CBM3b were subjected to non-denaturing PAGE, and the
mobility pattern of each mixture was compared with that of each of the
components alone. Only mixtures of GH9 with CBM3c resulted in formation of a
complex. Lanes: (a) CBM3c (130 pmol); (b) CBM3b (440 pmol); (c) GH9 (150 pmol);
(d) (1–5), GH9 (150 pmol) mixed with increasing amounts of CBM3c (37.5 pmol to
450 pmol), in molar ratios ranging from 0.25 to 3 (GH9:CBM); and (e) GH9 mixed
with CBM3b (150 pmol and 300 pmol, respectively).
Fig. 4. Representative isothermal calorimetric titration of GH9 with CBM3c. The top
panel shows the calorimetric titration and the bottom panel displays the integrated
injection heats corrected for control dilution heat. The solid line is the curve of best
ﬁt used to derive the binding parameters, and the ﬁtted data describe an interaction
of one binding site model.
Fig. 5. In situ association of Ni-IDA bound CBM3c and the GH9 module. (A) Afﬁnity
puriﬁcation scheme (see text). (B) SDS–PAGE analysis of the GH9-CBM3c puriﬁed
complex. Lanes: (a) crude extract of GH9; and (b) GH9-CBM3c complex after gel
ﬁltration.
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from 0.5 to 1.0, presumably depending on the functional status of
the GH9 preparation. The interaction was characterized by a strong
afﬁnity (Kd = 1.67  106 M). The reaction was both enthalpy and
entropy driven with an enthalpy value of 15 kcal/mol and an en-
tropy (TDS) value of 7.21 kcal/mol.
3.4. Formation of a deﬁned complex by in situ association of a
Ni-IDA-bound CBM3c with the GH9 module
Additional indication for complex formation between the
CBM3c and the catalytic module was achieved by afﬁnity chroma-
tography of the components. A Ni-IDA bound His-tagged CBM3c
was used as a capture system for the GH9 catalytic module (which,
in this case, did not include a His-tag). The bound GH9-CBM3c
complex could then be eluted using imidazole. A schematic repre-
sentation of the afﬁnity puriﬁcation procedure is shown in Fig. 5A.
The eluted complex was subjected to gel ﬁltration, which gave one
peak in the chromatogram, corresponding to 70 kDa, matching the
predicted molecular weight of the GH9-CBM3c complex (not
shown). The relevant fractions (the puriﬁed complex) were ana-
lyzed by SDS–PAGE. Two clear bands, of about 50 kDa and
20 kDa were observed (Fig. 5B), matching the sizes of the GH9
and CBM3c, respectively.
3.5. Recovery of endoglucanase activity upon association of CBM3c
and GH9
Previous work [6] showed that the Cel9I catalytic module alone
has no detectable activity on CMC. We wanted to examine whether
the observed physical interaction of the GH9 with CBM3c would
result in a recovery of enzymatic activity. For this purpose we
tested the CMC activity of GH9 mixed with CBM3c or the
CBM3c–CBM3b dyad. As a control we measured the activity of
GH9 mixed with CBM3b. Activity was deﬁned as the amount
(micromole) of reducing sugar (cellobiose) released after 10 min
of reaction. The catalytic module was mixed with increasingamounts of each of the helper modules, in molar ratios ranging
from 1:0 to 1:3 (GH9:helper module). At the same time we mea-
sured the activity of the intact Cel9I for comparison. Cel9I activity
on the substrate was set as 100%, and activity of the reconstituted
complexes was determined relative to that of Cel9I. The results
(Fig. 6) showed that GH9-CBM3c and GH9-CBM3c–3b dyad could
recover up to about 70% of the lost activity towards CMC. The level
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Fig. 6. Recovery of activity upon association of CBM3c and GH9. CMCase activity
(lmol cellobiose released in a 10-min reaction) of His-tagged GH9, mixed with
either CBM3c, CBM3b or the CBM3c–3b dyad, was examined. A ﬁxed amount
(70 pmol) of the GH9 catalytic module was mixed with increasing amounts of the
indicated helper module, and their respective activities were compared to that of
the intact Cel9I (set as 100%).
Fig. 7. Homo- versus hetero-dimer formation between GH9 and CBM3c.
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the components. On the other hand, mixture of CBM3b with GH9
failed to result signiﬁcant levels of activity.
4. Discussion
Theme B1 cellulases contain a family-9 glycoside hydrolase cat-
alytic module followed by a familiy-3c CBM. Some of these cellu-
lases have been studied thoroughly, and their biochemical
properties have been determined [10,11,18,19]. The major, com-
mon conclusion from all of those studies is that the CBM3c is re-
quired for and somehow modulates the function of the catalytic
module. However, the exact way by which CBM3c functions is still
unclear. It has been shown previously that family-3c CBMs (includ-
ing Cel9I CBM3c) fail to bind cellulose. Consequently, they do not
function as ‘conventional’ CBMs. One possible hypothesis, pro-
posed by Li et al. [18] for the T. fusca enzyme Cel9A, is that the
CBM3c serves to anchor the enzyme loosely on the substrate and
to disrupt the hydrogen bond network in crystalline cellulose.
Normally, of course, in this type of enzyme the GH9 catalytic
module and its adjacent CBM3c are attached covalently, via a
20-residue linker. The known crystal structures of T. fusca Cel9A
[20] and C. cellulolyticum Cel9G [21] have revealed that this linker
forms numerous polar and hydrophobic interactions with the cat-
alytic module en route to the ﬁxed location of the CBM3c, which it-
self forms a variety of interactions with the GH9. It was thus of
interest to determine whether the separately expressed GH9 and
CBM3c would interact non-covalently with one another to form
an enzymatically active complex.
In order to address this question we chose Cel9I from C. thermo-
cellum as a representative theme B1 enzyme, which was shown to
be an efﬁcient processive endoglucanase. We expressed each of its
modules and examined their capacity to associate with one an-
other. Non-denaturing PAGE analysis indeed showed that there is
a deﬁned non-covalent interaction between GH9 and the indepen-
dently expressed adjacent CBM3c, which is speciﬁc. Each of the
modules alone (GH9 and CBM3c) was found to form oligomers in
solution; however, a stable, preferred GH9-CBM3c complex was
formed upon mixing. This implies that the same surface is involvedin the contact between two monomers and between the two mod-
ular components of the complex, suggesting a competition be-
tween homo-oligomerization and heterodimer complex
formation (Fig. 7).
The association of GH9 and CBM3c was further characterized
quantitatively using ITC and was found to be relatively strong, with
binding that ﬁts a one binding site model. This indicates that the
independently expressed modules assembled to assume the same
conformational arrangement as in the full-length, intact enzyme.
The strong interaction between GH9 and CBM3c was also demon-
strated by the fact that the observed high afﬁnity enabled the iso-
lation of the reconstituted complex.
Finally, physical association of GH9 and CBM3c served to re-
store endoglucanase activity of the catalytic module. This result
strengthens our hypothesis regarding the way in which CBM3c
participates in the catalytic function of the enzyme. No signiﬁcant
difference in activity was found between complexes that contained
CBM3c and those that contained the CBM3c–CBM3b dyad; in some
experiments recovery percentage towards CMC reached 70% that
of the intact enzyme. The percentage continued to rise even after
achieving a 1:1 molar ratio between the components, and a possi-
ble explanation for this phenomenon is that samples in the mixed
GH9-CBM3c solution are in equilibrium between GH9 and CBM3c
homodimers and GH9-CBM3c heterodimeric complexes. This im-
plies that at a given time point not all proteins form a functional
complex. Upon introduction of additional CBM3c, the equilibrium
is changed towards formation of additional active complexes, thus
resulting in higher enzymatic activity. However, the recovery per-
centage failed to reach 100%, demonstrating the advantage of hav-
ing all the components in a single polypeptide chain.
In conclusion, we have shown in this work for the ﬁrst time that
a speciﬁc interaction exists between a GH9 catalytic module and a
family-3c CBM and have demonstrated that this interaction is
essential for activity. Our future goal is to try to decipher whether
such a mechanism is general for all theme B1 cellulases and/or re-
lated to the processive nature of such enzymes [8,11,22].Acknowledgments
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